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Demonstrating a device that efficiently connects light, motion, and microwaves is an outstand-
ing challenge in classical and quantum photonics. We make significant progress in this direction
by demonstrating a photonic crystal resonator on thin-film lithium niobate (LN) that simultane-
ously supports high-Q optical and mechanical modes, and where the mechanical modes are cou-
pled piezoelectrically to microwaves. For optomechanical coupling, we leverage the photoelas-
tic effect in LN by optimizing the device parameters to realize coupling rates g0/2pi ≈ 120 kHz.
An optomechanical cooperativity C > 1 is achieved leading to phonon lasing. Electrodes on
the nanoresonator piezoelectrically drive mechanical waves on the beam that are then read
out optically allowing direct observation of the phononic bandgap. Quantum coupling effi-
ciency of η ≈ 10−8 from the input microwave port to the localized mechanical resonance is
measured. Improvements of the microwave circuit and electrode geometry can increase this ef-
ficiency and bring integrated ultra-low-power modulators and quantum microwave-to-optical
converters closer to reality.
1. INTRODUCTION
Optomechanical crystals (OMC) provide a powerful platform
for engineering interactions between photons and phonons. Co-
localizing optical and mechanical modes allows light to control
and readout mechanical motion, leading to a large variety of
quantum optomechanical experiments [1–5] and enabling rout-
ing and transduction of classical and quantum signals between
microwave-frequency phonons and optical photons [6–10]. Sili-
con optomechanical crystals have strong coupling rates but lack
intrinsic piezoelectricity [11]. Capacitive and electrostrictive
forces in thin-film silicon have been used to drive mechanical
resonances [12–14], but a viable way of efficiently coupling to the
high-frequency wavelength-scale mechanical modes of an op-
tomechanical crystal resonator is yet to be demonstrated. Thus
approaches to coupling OMCs to microwave photons and super-
conducting qubits have focused on piezoelectric materials such
as aluminum nitride (AlN) [15–18], gallium arsenide (GaAs) [19–
22] and gallium phosphide (GaP) [23, 24]. However, no platform
to date has succeeded in simultaneously demonstrating high
optical and mechanical quality factors, large optomechanical
coupling, and good piezoelectric coupling efficiency. Recent
work on nanopatterned lithium niobate (LN) has addressed sev-
eral of these weaknesses, by showing that high mechanical Q
and efficient piezoelectric transduction of localized modes are
possible [25, 26], while excellent optical Q’s have been demon-
strated in photonic crystals [27, 28] and microring structures [29].
In this work we demonstrate an LN device with sufficiently
large optical and mechanical Qs and optomechanical coupling
to realize efficient optical transduction of microwave frequency
phonons. Considering that efficient microwave transduction has
already been realized in the same material system with phononic
crystal devices [25], our result solves a key remaining technical
challenge required for an LN quantum microwave-to-optical
transducer.
Here we demonstrate one-dimensional (1D) nanobeam
OMCs on lithium niobate (LN) with optical quality factors above
300,000 at a wavelength of λ ≈ 1550 nm, and a mechanical
mode frequency close to 2 GHz possessing quality factors as
high as 17,000 at 4 kelvin. The high frequency mechanical mode
and narrow optical linewidth allows our system to operate in
the resolved-sideband regime, where the mechanical frequency
greatly exceeds the cavity decay rate. An important parameter of
the system is the zero-point coupling rate g0 which characterizes
the optical frequency jitter induced by the zero-point motion of
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2the cavity. We make calibrated measurements of optomechan-
ical backaction in addition to measurements of electromagnet-
ically induced transparency (EIT) and absorption (EIA) with
different optical pump powers and detunings to extract a zero-
point coupling rate of g0/2pi ≈ 120 kHz. The wide bandgap
(∼ 3.7 eV) of LN allows us to pump npump ∼ 1.5× 105 intra-
cavity photons without significant degradation of the optical
linewidth. This enables us to realize sufficiently large coopera-
tivity C ∝ npump to observe mechanical lasing under the action
of a blue-detuned optical pump. Phonon lasing is an important
signature of optomechanical cooperativity C > 1, which occurs
when the optomechanical backaction exceeds the intrinsic me-
chanical dissipation in the system, a requirement for realizing
efficient phonon-photon conversion [30–34]. Our system per-
forms favorably when compared to other piezo-optomechanical
approaches. In particular, OMCs on GaAs show g0/2pi on the
order of 1 MHz [20], but have not operated in the sideband-
resolved regime due to low optical Q ∼ 40, 000. Moreover,
g0/2pi ∼ 100 kHz has been achieved on AlN [18], but our LN
device possesses somewhat higher optical and mechanical qual-
ity factors. Finally we note that all three platforms, AlN [35],
GaAs [36], and LN [25, 37] have demonstrated compatibility
with superconducting qubit technology and form promising
platforms for quantum transduction.
The piezoelectric property of LN enables us to electrically
drive the localized mechanical mode with an oscillating mi-
crowave electric field using fabricated on-chip electrodes. The
electrically generated phonons are detected optomechanically
allowing us to measure the piezo-optomechanical response of
the OMC. More generally, electrical driving allows us to probe
the full mechanical spectrum of the device with far greater sensi-
tivity than is achieved by measuring thermal Brownian motion,
as it allows us to drive the modes to a larger amplitude than is
possible thermally. This leads to a remarkably clear signature of
the mechanical bandgap of the nanobeam mirror unit cell that is
visible from the piezo-optomechanical response. Furthermore,
we analyze the piezo-optomechanical coupling by calibrating
the coherent phonon number from the electrical drive against
the known thermal phonon occupancy to infer the effective
microwave-mechanics coupling rate gµ/2pi ∼ 2 kHz that char-
acterizes the rate at which microwave frequency phonons would
interact with a microwave frequency resonator (assuming a 50Ω
resonator impedance). Comparing to the mechanical losses, this
coupling is about two orders of magnitude away from achieving
sufficiently large cooperativity to enable coherent microwave-to-
optical conversion.
We have demonstrated that the LN on silicon platform can
be engineered to support strong optomechanical coupling be-
tween telecom photons and GHz phonons. This further demon-
strates that lithium niobate is a material system with enormous
potential for quantum electro-optic and optomechanical trans-
duction [17, 21, 25, 38–41]. In addition to piezo-optomechanical
transduction, the electro-optic and nonlinear optical properties
of LN enable active integrated optical elements and enhanced
optical parametric processes [29, 39, 40, 42, 43].
2. DESIGN
We begin with the design and simulation of the 1D OMC on
LN. Due to imperfections in the LN nanofabrication process, the
resulting inside and outside sidewall angles are approximately
θin = 22◦ and θout = 11◦ from the vertical direction. As a result,
the nanobeam no longer possesses the reflection symmetry about
the xy-plane, which we call z-symmetry. Given a structure that
has y-symmetry, as long as the material properties also remain
invariant under reflection about the xz-plane, the modes can
be classified according to their y-symmetry. For optical waves,
material properties will be invariant as long as the Z is in the
longitudinal direction of the beam. For mechanical waves in LN,
the situation is a bit more complicated due to the anisotropic
elastic properties that generally break the y-symmetry, even
for a symmetric structure with the Z-axis aligned along the
nanobeam. In the special case where the nanobeam is fabricated
on Y-cut LN and is parallel to the crystal Z axis, one of the
crystal mirror planes coincides with the y-symmetry plane of
the nanobeam geometry, and the y-symmetry is restored. Under
this configuration, the optical and mechanical modes can be
classified according to their y-symmetry properties.
We adapt the design recipe demonstrated for silicon
OMCs [11] to LN considering our etch properties and mate-
rial anisotropy. We first design a mirror unit cell with quasi-TE
optical bandgap of 30 THz at X-point around 194 THz and a
partial mechanical bandgap from 1.48 GHz to 2.17 GHz for y-
symmetric mechanical modes. The geometry of the mirror cell is
shown in fig. 1(a), with outer width w1 = 1247 nm, inner width
w2 = 919 nm, hx = 330 nm, hy = 859 nm, thickness t = 300 nm
and lattice constant a = 558 nm. We use a sinusoid-shaped
outer edge to realize a larger air-hole. Fig. 1(c) and fig. 1(d) show
the optical and mechanical band structures of the mirror cell.
The corresponding bandgaps are emphasized as pink shaded
regions.
To localize optical and mechanical modes, we focus on the
X-point fundamental quasi-TE optical mode and the Γ-point
mechanical breathing mode. By reducing the lattice constant
and the separation between the air-holes, the X-point optical
mode shifts up in frequency and the Γ-point breathing mode
frequency is reduced, putting both modes inside their corre-
sponding bandgaps. Using multivariable genetic optimization,
defect cell geometry parameters are found to be (a,w2, hx, hy) =
(450, 1092, 334, 811) nm by maximizing g0 min(Q,Qth)/Qth,
where g0 is the optomechanical coupling rate, Q is the radiation-
limited optical quality factor and Qth = 107 is chosen to ignore
unachievably high Q [11]. The full nanobeam is generated by a
smooth transition from the mirror cell geometry to the defect cell
geometry. The variation of the parameters is shown in fig. 1(f)
together with the finite-element method simulated [44] funda-
mental TE optical mode (fig. 1(g)) and mechanical breathing
mode (fig. 1(h)). The LN thickness t and the outer edge w1 are
kept the same for the full nanobeam. The global and material
coordinate systems are shown at the bottom-left of fig. 1(h). The
in-plane rotation angle φ is defined as the angle between crystal
axis Z and global axis x for both X-cut and Y-cut LN (supple-
mentary material). The dashed (dotted) arrow represents crystal
Y(X) axis for X(Y)-cut LN. We obtained a radiation-limited op-
tical quality factor Q ∼ 4× 106 and an effective mode volume
as small as ∼ 0.2(λ/n)3 for the simulated fundamental optical
mode at ωc/2pi = 200 THz. The simulated mechanical breathing
mode is at ωm/2pi = 2.1 GHz with effective mass meff = 645 fg
and zero-point motion xzp = 2.48 fm. The mode profiles are
modified slightly by the crystal orientation. The primary effect
of the orientation however is the variation in the optomechanical
coupling due to anisotropic nature of the photoelastic effect –
this is studied in more detail in the supplementary material.
The lack of y-symmetry in general induces leakage of
phonons into other propagating modes (blue bands in Fig. 1d)
of the beam by making nominally disallowed transitions pos-
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Fig. 1. One-dimensional optomechanical crystal (OMC) design. (a) Unit cell geometry of the nanobeam OMC, showing defini-
tions of the parameters. (b) Unit cell geometry of the 1D phononic shield. The direction of the periodicity is perpendicular to the
direction of the nanobeam. The (c) optical and (d) mechanical band structure of the nanobeam unit cell. The bands are classified by
y-symmetry (red) and y-antisymmetry (blue). In (c), the gray shaded region represents the continuum of radiation modes. The pink
shaded regions highlight the bandgap for quasi-TE optical modes (c) and symmetric mechanical modes (d). The dashed black lines
correspond to the localized fundamental TE optical mode and the mechanical breathing mode of the nanobeam respectively. (e) Me-
chanical band structure of the 1D phononic shield unit cell, showing a complete bandgap around 2 GHz. (f) Variations of unit cell
parameters along the nanobeam. w1 is kept constant for all unit cells. (g) Ey component of the optical mode. (h) Displacement field
of the breathing mode. The global and material coordinates are shown (see text for description). (i) Scanning electron micrograph
(SEM) of the fabricated device. Top: one row of devices with different nanobeam orientations, taken before the aluminum lift-off
step. Bottom left: top view of the 1D phononic shield region, showing both the LN pattern and the Al electrodes. Misalignment on
the order of 20 nm is visible. Bottom right: SEM of two nanobeams coupled to one reflector.
sible as has been studied in previous work on silicon struc-
tures [45]. To reduce the effect of this source of mechanical
dissipation, we implement a 1D phononic shield (PS) to anchor
the nanobeam [11, 46]. The geometry of the PS unit cell is shown
in fig. 1(b), including the top aluminum electrode layer with
thickness tm = 100 nm. The dimensions of this PS unit cell
are chosen to be (a,w1x,w1y,w2) = (1000, 600, 650, 50) nm such
that the mechanical band structure of the unit cell opens up a
full bandgap from 1.65 GHz to 2.33 GHz (fig. 1(e)). The effect
of the metallization layer has been taken into account in these
simulations.
3. FABRICATION
In contrast to silicon, nanofabrication of LN is known to suffer
from a lack of an effective chemical etch. However, since the de-
velopment and commercial availability of thin-film LN on silicon
oxide [47, 48], high-Q micro-ring resonators and photonic crys-
tals have been demonstrated with physical argon milling and
reactive ion etching [27, 28, 49–52]. We adopt an argon milling
process similar to Ref. [49] for patterning the OMC structure.
The OMCs are fabricated on a lithium niobate on silicon
(LNOS) wafer, with an initial LN thickness of t ≈ 500 nm. The
LN layer is first thinned to t = 300 nm with argon ion milling.
The nanobeam geometry is defined by electron beam lithogra-
phy (EBL) with HSQ resist. The pattern is then transferred to
the LN layer by argon ion milling. The remaining HSQ is re-
moved with 2 minute 5:1 buffered oxide etch (BOE). A second
aligned EBL with CSAR resist followed by a liftoff process de-
fines the aluminum metal layer. The device is finally released
with a masked XeF2 dry etch that selectively removes the silicon.
Electrical contacts between on-chip electrodes and aluminum
wires are made with ultrasonic wire-bonding. Tapered optical
mode converters are patterned on the LN layer with efficiency
η ∼ 50% for coupling the OMCs to a lensed fiber [9].
Fig. 1(i) shows scanning electron micrographs of the resulting
structures taken before the release step. A notable feature of
the sample is that it contains many devices with the identical
OMC design, but where we have rotated the orientation of the
nanobeam with respect to the crystal axis (see also Ref. [20] for
similar measurements on GaAs). This is done to give us a better
understanding of the anisotropic photoelastic property of LN
and its effect on the performance of the OMCs.
4FPC
λ-meter
EOM VOA
FPC
EDFA
VNA
dr
iv
e
detect
coherent 
spectroscopy thermal 
spectroscopy
RSA
λ~1540 nm 
piezoelectric 
drive
1531 1532 1533 1534 1535 1536
Wavelength (nm)
0
0.2
0.4
0.6
0.8
1
N
or
m
al
iz
ed
 re
fle
ct
io
n
-20 -10 0 10 20
 (pm)
0
1
(a) (b)
Fig. 2. Measurement setup and optical mode characterization. (a) Simplified diagram of the measurement setup. Two LN op-
tomechanical crystals are side-coupled to a reflector. The reflection spectrum is recorded for optical characterization. The thermal
mechanical motion of the nanobeam encoded in the optical noise power spectrum is measured by the realtime spectrum analyzer
(RSA). A weak optical side band is generated with the vector network analyzer (VNA) and electro-optic modulator (EOM) for
coherent spectroscopy. The mechanical motion can be also piezoelectrically driven and the transduced optical sidebands are mea-
sured by the high-speed photodetector and the VNA. (b) Optical reflection spectrum of an LN OMC. A zoomed-in wavelength
sweep shows a loaded optical quality factor Q = 2.5× 105 and corresponding intrinsic quality factor Qi = 3.5× 105 (inset, blue: data,
red: fit). Variable optical attenuator (VOA), erbium-doped fiber amplifier (EDFA), fiber polarization controller (FPC).
4. OPTOMECHANICAL CHARACTERIZATION AND ME-
CHANICAL LASING
We measured the devices at both room temperature and at low
temperature, by cooling to 4 K inside a closed-cycle Montana
Instruments cryostat. The actual temperature of the phonon
mode in the cryostat is closer to ∼ 20 K. This is determined
by calibrated thermal spectroscopy as explained in Ref. [9].
The measurement setup, shown in fig. 2(a), is suited for un-
derstanding the optical and mechanical properties of the system.
The optical properties were first characterized by scanning a
continuous-wave tunable laser and monitoring the reflection
spectrum. Fig. 2(b) shows a typical optical reflection spectrum
with one sharp resonance from the localized optical mode. A
narrow scan near the resonance is fit to a lorentzian lineshape to
determine the linewidth and quality factor (fig. 2(b) inset). For
the device under consideration, a loaded Q of 2.5× 105 and an
intrinsic Q of 3.5× 105 are extracted, corresponding to a total
linewidth κ/2pi = 776 MHz that is significantly smaller than
the mechanical frequency and puts us in the resolved sideband
regime of cavity optomechanics [31]. Similar measurements
taken over multiple devices, as detailed in the supplementary
materials, show no apparent correlation between the optical
quality factors and the crystal orientations.
A well known effect in optical resonators is the shift in their
frequency proportional to intracavity photon number nc. This
nonlinearity can result from the thermo-optic, or Kerr effect. In
our measurements, we observe a strikingly different relation
between intracavity photon number and cavity resonance shift.
As nc is increased, we see that the cavity frequency shifts by
a frequency proportional to n2c . The shift becomes easily mea-
surable at roughly nc & 104, when it exceeds the linewidth.
At these values and larger, it is observed to be quadratic. In
addition to measuring the frequency shift, we use a sideband
probe to measure the cavity linewidth at different optical powers
and detunings (see SI for full dataset). Based on the amount of
linewidth broadening that is observed (∼ 15% at nc = 1.5× 105),
we attribute the quadratic thermal shift to absorption of the in-
tracavity photons, where this absorption rate itself has a linear
dependence on nc. This dependence distinguishes it from green-
induced infrared absorption (GRIIRA) [53], in which case the
absorption rate of intracavity photons would scale as n2c (the sec-
ond harmonic intensity) instead of the observed nc. Moreover,
it is likely not due to absorption of second-harmonic generated
photons, which would produce the correct n2c thermal shift, but
would also require a significant reduction in the cavity linewidth
to explain the observed thermal shift. A detailed understanding
of the physical mechanism behind this heating and the develop-
ment of methods for its mitigation (such as surface treatment [22]
or Mg-doping [53]) will be the subject of future investigations.
The optomechanical coupling between the localized optical
mode and mechanical mode gives rise to an interaction Hamil-
tonian Hˆint = h¯g0 aˆ† aˆ(bˆ + bˆ†), where g0 is the zero-point op-
tomechanical coupling rate, aˆ and bˆ are the annihilation oper-
ator for the optical and mechanical modes respectively. When
the optical mode is driven by a laser beam up to an intracav-
ity photon number nc  1, the interaction can be linearized
to Hˆint = h¯G(aˆ + aˆ†)(bˆ + bˆ†), and G = g0
√
nc is the effective
optomechanical coupling rate [31]. The optomechanical (OM)
backaction leads to a frequency shift and an extra damping rate
of the mechanical mode given by [31]
γOM = G2
(
κ
κ2/4 + (∆−ωm)2 −
κ
κ2/4 + (∆+ωm)2
)
, (1)
where κ is the total optical mode linewidth, ∆ = ωc −ωl is the
cavity-laser detuning and ωm is the mechanical mode frequency.
In the sideband-resolved regime where ωm > κ, only the first
term is appreciable for a red detuned pump laser with ∆ ∼ ωm,
while for blue side pumping, the second term dominates. As
shown in fig. 2(a), the mechanical properties of the system can
be characterized by either measuring the transduced mechanical
thermal motion in the optical noise power spectral density (ther-
mal spectroscopy), or by measuring the effect of the mechanical
response on a weak optical probe generated by the electro-optic
modulator (coherent spectroscopy).
The optomechanical coupling rates are observed to peak at
φ = 135◦ on X-cut LN. This is in agreement with simulations
outlined in detail in the supplementary materials. We focus
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Fig. 3. EIT and optomechanical backaction measurements. (a) Power spectral density of the mechanical motion induced optical
sideband. Measured spectrum with same optical power and different detunings are shown with corresponding cooperativities,
vertically displaced for viewing purposes. When a pump laser beam is blue detuned near ∆ ≈ −ωm, mechanical lasing results
as the cooperativity exceeds unity. The spectrum without mechanical lasing is fitted (red) for the total mechanical linewidth γtot.
(b) Total mechanical linewidth versus intracavity photon numbers under different conditions (blue: ∆ = −ωm, red: ∆ = ωm).
For the low temperature results, one OMC without the 1D phononic shield are measured for comparison (4). (c) Measured phase
response of the optical probe beam at low power pump with detuning ∆ = ωm at low temperature (blue dots) and fit (red line).
Inset: zoom-in data and fit near the transparency window. (d) Effective optomechanical coupling rate G extracted from the EIT
responses at low temperature versus the square root of intracavity photon numbers
√
nc. High-power optical pump at detunings
−ωm < ∆ < 0 is adopted to achieve high nc without introducing mechanical lasing. Linear fits for high nc (orange) and low nc
(yellow) measurements are both shown for comparison. Inset: detail of the low nc region, with data from both blue (blue) and red
(red) detuned pump.
on one device with this specific orientation and characterize its
mechanical and optomechanical properties. We first perform the
thermal spectroscopy at low temperature with a blue detuned
laser pump, where the OM backaction is simplified to
γOM = − G
2κ
κ2/4 + (∆+ωm)2
. (2)
We fix the pump power Pin ∼ 0.2 mW and step the detuning
towards ∆ = −ωm to increase the optomechanical cooperativity
C ≡ |γOM/γi|, where γi is the intrinsic mechanical linewidth.
Fig. 3(a) shows three different power spectral densities of the
reflected pump laser at different values of cooperativity. When
C > 1 is reached, the total mechanical linewidth γtot = γi +γOM
becomes negative. The system enters an oscillating regime and
a mechanical lasing peak emerges in the power spectrum.
To extract the intrinsic mechanical linewidth γi and zero-
point optomechanical coupling rate g0 of the same device, we
fit γtot from the power spectrum. We fix cavity-laser detuning
∆ = ±ωm so the OM backaction is given by γOM = ±4G2/κ =
±4g20nc/κ, resulting in a linear relationship between γOM and
nc. We adopted small pump powers Pin ∼ 10 µW in order to
access stable red-detuned measurements in the presence of a
thermal cavity red shift. As shown in fig. 3(b), we measured
the device at both room and low temperature and on the blue
and red sides. The intrinsic mechanical loss γi is reduced by a
factor of 5 after cooling the device. We observe that γtot devi-
ates from simple predictions only considering OM backaction,
showing an asymmetry with respect to the intrinsic linewidth
between blue and red detuned laser pump frequency. The de-
viation becomes larger when the device is cooled down, where
no linewidth reduction is observed with a blue detuned pump
laser. We attribute the deviation to thermally-induced linewidth
broadening which scales linearly with respect to nc for low
pump powers and is independent of the sign of the detun-
ing. At higher pump powers, the thermally-induced broad-
ening saturates near γtot/pi ≈ 300 kHz and as a result, the OM
backaction eventually dominates the linewidth change, lead-
ing to mechanical lasing. We combine the measurements from
∆ = ±ωm at low powers to eliminate the thermal broadening.
We measure g0/2pi = 128 kHz, intrinsic mechanical linewidth
γi/2pi = 513 kHz at room temperature and g0/2pi = 92 kHz,
γi/2pi = 109 kHz at low temperature. The cause of the tem-
perature dependence of g0 may be attributed to a temperature
dependence of the photoelastic coefficients, but is not well under-
6tood at this time. The corresponding mechanical quality factor is
Qm ∼ 3500 at room temperature and Qm ∼ 17000 at low temper-
ature. A device with identical design but without a 1D phononic
shield is also measured at low temperature for comparison (4),
showing g0/2pi = 108 kHz and γi/2pi = 284 kHz.
The optomechanical properties of the same device are also
measured at low temperature using the optical sideband probe
measurement (coherent spectroscopy). A typical frequency-
dependent phase response of the probe is plotted in fig. 3(c).
The response from the optical cavity is apparent in this measure-
ment. Additionally, we observe electromagnetically induced
transparency, visible in the phase variation near the mechanical
frequency [54–57]. The data shown was measured with optical
pump detuning ∆ = ωm. The corresponding cooperativity C
determines the size of the EIT feature. By fitting the phase re-
sponse of the probe, we obtain an independent measurement
of the optical mode linewidth κ, the intrinsic mechanical mode
frequency ωm and linewidth γi, and also the effective optome-
chanical coupling strength G [55].
We extracted G with different intracavity photon number
nc in fig. 3(d). Measurements with nc approaching 105 were
achieved by using high pump powers at detunings −ωm <
∆ < 0 to avoid mechanical lasing. The relation between G and√
nc is determine by fitting the low-power and high-power mea-
surements independently. The results of these fits are shown
in fig. 3(d) as yellow and orange lines, extended for compar-
ison. From these fits, we extracted zero point couplings of
g0/2pi = 127± 9 kHz for high nc and g0/2pi = 96± 10kHz
for low nc. We find reasonable agreement of g0 between back-
action measurement at low (high) temperature and EIT/EIA
measurement at low (high) nc. An important figure of merit
is g0/κ which for this system is 10−4, making it comparable to
competing implementations in AlN, SiNx and GaAs [32].
5. PIEZO-OPTOMECHANICAL CHARACTERIZATION
We have fully characterized the optomechanical system by ther-
mal and coherent spectroscopy. Beyond the conventional op-
tomechanical measurements, the piezoelectricity of LN allows
us to directly drive the mechanical motion of the OMC, revealing
more details of the mechanical spectrum. To access piezoelec-
tricity, we pattern aluminum electrodes on the LN layer that can
be driven with an oscillating voltage. The separation between
the edges of the electrodes are chosen to be dmetal = 22 µm such
that there’s no degradation on the optical quality factor. When a
voltage is applied on the aluminum electrodes in the nanobeam
mirror cell region, an electric field parallel to the nanobeam
is generated and deforms the optomechanical crystal. The de-
formation can be sensitively read out by the laser utilizing the
optomechanical coupling.
The piezoelectric coupling between the OMC mechanical
mode and the microwave channel (with impedance Z0 = 50 Ω)
is modeled as an external coupling induced decay rate γe. Our
goal is to determine γe by an optomechanically calibrated mea-
surement of the piezomechanical driving efficiency. We pump
the optical mode at ∆ ∼ ωm and drive the mechanics through
the microwave channel. The coherent amplitude of the mechani-
cal motion from standard input-output theory is (supplementary
material)
β =
−√γecin
i(ωm −ωµ) + γtot/2 , (3)
where cin is the input microwave field (|cin|2 is the microwave
photon flux), ωµ ∼ ωm is the microwave signal frequency and
γtot = γi + γe + γOM is the total mechanical linewidth. The
transduced optical field amplitude is
α =
−iGβ
i(∆−ωµ) + κ/2 . (4)
We readout the beat tone between α and the pump laser, giving
us the piezo-optomechanical S21(ω).
Fig. 4(a) shows the piezo-optomechanical S21 taken on aY-cut
LN nanobeam with in-plane rotation φ = 0 at room temperature.
We have chosen this orientation and φ so that the electrodes only
drive the symmetric mechanical bands. The oscillating electric
field not only modulates the optical mode frequency via the
driven mechanical motion, but also through the electro-optic
effect of LN. We repeat the same S21(ω) measurement with dif-
ferent cavity-laser detuning ∆. The optical cavity response filters
the electro-optically generated sidebands, leading to a broad
feature with linewidth κ in the coherent response. A series of
sharper peaks are also visible, and arise from the piezoelectric
driving of mechanical resonances of the OMC structure. We also
observe a “clean” frequency range which matches reasonably
well with the simulated mechanical bandgap of the nanobeam
mirror cell (shaded region in fig. 4(a)). The localized mechanical
modes can be identified near the upper edge of the bandgap.
The disordered response outside the bandgap region is not due
to noise of the instrument or measurement device, and is ob-
served consistently with the same spectrum. This is likely due
to complicated mixing of modes outside of the bandgap.
The mechanical origin of the narrow piezo-optomechanical
response peaks can be verified by comparing with the thermal
spectroscopy results. Fig. 4(b) shows the piezo-optomechanical
response near the upper bandgap edge, including three Fano-
shaped peaks. The thermal mechanical noise power spectrum
of the same frequency range is shown in fig. 4(c). Fano-shaped
response peaks in the piezo-optomechanical S21 match closely
with the thermal-mechanical noise peaks in the power spectral
density. We further calibrate the coherent phonon number from
the electrical drive with the thermal phonon occupacy (supple-
mentary material). The decay rate γe/2pi = 8.8± 0.56 mHz
is obtained between the microwave transmission line and the
localized mechanical mode. The resulting external microwave-
to-mechanics conversion efficiency is ηext = γe/γ ∼ 10−8. We
attribute this low efficiency to the large separation between the
coupling electrodes and the impedance mismatch between the
electrodes and the Z0 = 50 Ω transmission line.
If the OMC were to be connected to a microwave resonator
with the same coupling electrode configuration, the microwave-
mechanics coupling rate would be gµ =
√
γeωm ·
√
Zc/Z0/2,
where Zc is the characteristic impedance of the microwave res-
onator (supplementary material). Based on the measurement of
γe and assuming Zc = 50 Ω, we estimate gµ/2pi ∼ 2 kHz. Mi-
crowave resonators with impedance on the order of Zc ∼ 5 kΩ
can be fabricated with high-kinetic-inductance superconduct-
ing nanowires [58] and spiral inductors [59]. By optimizing
the configuration of the coupling electrodes and engineering
the mechanical mode leakage [41, 45], strong coupling between
the microwave resonator and mechanical mode of the OMC
can be realized if γe/2pi & 1 Hz and Zc/Z0 ∼ 100, giving
gµ/2pi & 100 kHz & γ/2pi.
6. CONCLUSIONS
In summary, we have demonstrated high quality optomechan-
ical crystals on a lithium-niobate-on-silicon platform in the
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Fig. 4. Piezo-optomechanical measurements. (a) Optical readout of electro-optically and piezoelectrically driven optical sideband
for different pump detunings. Broad electro-optic effect induced peak shifts when changing pump detuning, while mechanical
responses stay at the same frequency. The gray shaded area corresponds to the simulated mechanical bandgap of the nanobeam
mirror unit cell. The mechanical response outside the bandgap is disordered but repeatable. (b) Piezo-optomechanical response
near the upper bandgap edge. Peaks of the response match well with the thermal mechanical peaks from the power spectral density
(c), corresponding to the localized mechanical breathing modes of the nanobeam.
resolved-sideband regime. We measure optical quality factors
above 300, 000 and mechanical quality factors as high as 17, 000
at cryogenic temperature. We measure optomechanical back-
action, electromagnetic induced transparency and absorption
to extract g0/2pi ∼ 120 kHz. We observed minor degradation
(. 15%) of the optical linewidth with intracavity photon num-
ber nc up to 1.5× 105. Mechanical lasing is observed with blue-
detuned laser pump, corresponding to a cooperativity above
unity. Red-detuned measurements with relatively high nc is
not feasible due to the observed quadratic thermal-optic shift,
which may be reduced by doping LN with MgO [53]. Given
the strong nonlinear optic effect and electro-optic effect of LN,
our high quality LN OMC provides a promising platform for
nonlinear photonic application and densely integrated active
on-chip photonic and phononic elements.
We further utilize the piezoelectricity of LN to drive the OMC.
The mechanical bandgap and localized mechanical modes of
the OMC are identified. Based on the measured microwave-
to-mechanical conversion rate, we estimate the coupling rate
between the OMC and a microwave resonator with identical
coupling configuration to be gµ/2pi ∼ 2 kHz. The microwave-
mechanics coupling strength can be improved by reducing the
coupling electrodes separation and increasing the characteristic
impedance of the microwave resonator. With the recent ad-
vance of strong coupling between nanomechanical structures
on LN and superconducting circuits [25, 37], a full microwave-
to-optical conversion is within reach with our LN OMC plat-
form, opening up opportunities for both classical and quantum
signal storing, processing and transduction in hybrid systems
exploiting densely integrated electrical, mechanical and optical
elements [32].
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Supplementary Information
A. ORIENTATION DEPENDENCY OF OMC PROPERTIES
A. Definition of coordinate systems and rotated dielectric and
photoelastic tensor
We start by defining the coordinate systems. The global coor-
dinate system is fixed with the nanobeam with axis labeled by
x, y, z, and the material coordinate system coincides with the
crystal axis of LN, denoted by X,Y, Z. Note that for Euler angles
which rotate the axis of the global coordinate system to the ma-
terial coordinate system, the corresponding rotation matrix can
be applied to transform the tensor components in the material
system to the global system.
Z
xy
Y
z
X
Z
X
y x
z
Y
(a) (b)
Fig. 5. Definition of the coordinate systems for (a) X-cut LN
and (b) Y-cut LN. The global coordinate system is shown with
thicker and shorter arrows, labeled with x, y, z. The material
coordinate systems are shown with thinner and longer arrows,
labeled with X,Y,Z. The nanobeam is parallel to the global
x axis. The in-plane rotation angle φ is defined as the angle
between x and Z axis in both case.
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We first give the rotation matrix used for X-cut LN (LNX) and
Y-cut LN (LNY) with in-plane rotation angle φ as
RLNX(φ) =

0 sin φ cos φ
0 − cos φ sin φ
1 0 0
 , (5)
RLNY(φ) =

− sin φ 0 cos φ
cos φ 0 sin φ
0 1 0
 . (6)
The global coordinate system and the rotated material systems
are shown in fig. 5. The corresponding Euler angles in ‘z-x-z’
convention are (α, β,γ) = (φ−pi/2,−pi/2,−pi/2) for LNX and
(α, β,γ) = (φ− pi/2,−pi/2,pi) for LNY.
The photoelastic tensor components of the rotated crystal in
the global coordinate system are then given by
p′ijkl(φ) = Rim(φ)Rjn(φ)Rkp(φ)Rlq(φ)pmnpq. (7)
Repeated indices are to be summed. The components of the
rotated photoelastic tensor in the global coordinate system are
given in Sec. F.
For both LNX and LNY, the rotated dielectric tensor is
e′ =

e11 + ∆eeo cos2 φ cos φ sin φ∆eeo 0
cos φ sin φ∆eeo e11 + ∆eeo sin2 φ 0
0 0 e11
 , (8)
where ∆eeo = e33 − e11.
B. Simulation of optomechanical coupling rate
With the rotated dielectric and photoelastic tensor components,
the photoelastic contribution of the optomechanical coupling is
given by [11]
g0,PE = −ωc2
∫
E · ∂e∂α · EdV∫
E ·DdV
, (9)
where α parametrizes the mechanical motion amplitude, and
∂eij/∂α = −eikel jpklmnSmn/e0. For isotropic media with re-
fractive index n, the photoelastic induced change in dielectric
constant simplifies to ∂eij/∂α = −e0n4pijmnSmn.
Consider the qualitative dependence of photoelastic contribu-
tion to the optomechanical coupling rate g0. For breathing me-
chanical modes, the dominating strain component is Syy in the
global coordinate system. Similarly, for TE optical modes, the pri-
mary electric field component is Ey. As a result, the largest pho-
toelastic contribution to g0 is from E2y∂eyy/∂α ≈ −e0n4p′22SyyE2y.
This suggests that we focus on the p′22 component of the rotated
crystal in the global coordinate system.
We use photoelastic components from Ref. [60] for numerical
evaluations. The p′22 component of LNX and LNY is plotted in
fig. 6. The maximal p′22 can be achieved on LNX with φ = 135
degree, where p′22 = (p11 + p33 + p13 + p31)/4 + p44 − (p14 +
p41)/2 ≈ 0.3.
For the moving boundary contribution of the optomechanical
interaction, we approximate LN as an isotropic dielectric ma-
terial with refractive index n =
√
eLN = 2.2. The contribution
from moving boundary is [11]
g0,MB = −ωc2
∮
(Q · n)(∆eE2‖ − ∆e−1D2⊥)dS∫
E ·DdV
, (10)
0 45 90 135 180
 (degree)
-0.05
0
0.1
0.2
0.3
p'
22
LNX
LNY
Fig. 6. Rotated photoelastic tensor component p′22 for LNX
(solid blue) and LNY (dashed red).
where ∆e ≡ eLN − eair, ∆e−1 ≡ e−1LN − e−1air , Q is the normalized
displacement field and n is the surface norm pointing towards
the air. The subscripts ‖ and ⊥ denote the parallel and per-
pendicular component of the fields locally with respect to the
surface.
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Fig. 7. Simulation of optomechanical coupling rate g0 on (a)
X-cut and (b) Y-cut LN for different in-plane rotation angle φ.
We assume same mode profiles for different φ as a first-order
approximation to calculate the φ-dependence of the optomechan-
ical coupling rate g0. We evaluate eq. 9 and eq. 10 for different
φ. In fig. 7 we show the photoelastic contribution g0,PE (dashed
red), moving boundary contribution g0,MB (dashed dotted yel-
low) and the absolute values of the total g0 (blue). From fig. 6,
it is clear that p′22 is a good indicator of the optomechanical
coupling rate.
C. Measurements of optical quality factors and optomechani-
cal coupling rates with various φ
We fabricated OMCs on both LNX and LNY with various val-
ues of φ. The measured optical quality factors are shown in
fig. 8(a, b). No obvious dependence of quality factors on φ is
observed. The quality factors on LNY are generally lower due to
fabrication variations between different chips. The mechanical
quality factors at room temperature are typically Qm ∼ 4000.
The room-temperature Qm is limited by thermoelastic damping
and is relatively insensitive to crystal orientations. At cryogenic
temperature, the highest mechanical Qm = 37, 000 is observed
on the LNY OMC with φ = 0, where the y-symmetry of the
nanobeam is recovered.
In fig. 8(c, d) we show the measured optomechanical cou-
pling rates g0 versus OMC orientation angle φ. The coupling
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Fig. 8. Optical quality factor Q and optomechanical coupling rate g0 on LNX and LNY. (a, b) Measured total (blue) and intrinsic
(red) optical quality factors on LNX (a) and LNY (b). No obvious dependency on in-plane rotation φ can be observed. The quality
factors on LNY are generally lower due to fabrication variations between different chips. (c, d) Measured zero-point optomechani-
cal coupling rate g0 for different φ on LNX (c) and LNY (d). Blue (red) data points represent measurement with detuning ∆ = −ωm
(∆ = ωm). Error bars represent one standard deviation obtained by repeated measurements with different laser pump power.
rates were measured at room temperature (300 K) using cali-
brated thermal mechanical noise power spectral density [9]. The
measured g0’s are in general roughly smaller than the simu-
lated values by ∼ 50%. We attribute this discrepancy to the
approximation of mode profiles, the fact that the design is only
optimized for φ = 0 on LNY, the possible differences in the
material properties between simulation and the actual LNOS
wafers, and the considerable uncertainties of LN’s photoelastic
components [60].
Despite the discrepancy between the absolute values of the
simulated and measured g0, we observe that the maximal op-
tomechanical coupling rate occurs at φ = 135◦ on LNX, agreeing
with the simulations (fig. 7(a)) and also the simple prediction
from p′22 (fig. 6). The optimal orientations on LNY are near
φ = 45◦ and φ = 135◦, reasonably matching the simulation
results in fig. 7(b).
B. THERMAL-OPTICAL SHIFT AND THERMAL RELAX-
ATION
A. Thermal-optical shift
We observed a thermal-induced optical shift when scanning
the laser over the optical cavity with different powers. The
thermal-induced optical shift is well understood in silicon mi-
crocavities [61]. To better understand the thermal-optical shift
on LN OMC, we briefly describe the silicon case here.
In silicon microcavities, the heat absorption rate is propor-
tional to the intracavity photon number nc, leading to a local
temperature change proportional to nc. The temperature change
affects the optical mode via thermal expansion and temperature-
dependent refractive index change, both result in a wavelength
shift that’s linear with respect to the temperature change. A
positive wavelength shift is usually observed for an increase in
temperature. When the laser frequency approaches the optical
cavity from the blue side, nc, the temperature increase, and the
optical cavity shifts red. When the laser reaches beyond the
maximum wavelength shift which occurs for maximum nc at
the reflection dip, nc starts decreasing. The cavity shifts back
towards the blue side as a result of decreasing nc, which further
decreases nc. This causes the cavity to jump back to nearly its
original wavelength. The cavity red shift reflects itself in the
continuous blue-to-red laser wavelength sweep as a slow slope
which gets flatter for higher power. The mode escapes after
the laser has passed the maximum shifted wavelength, giving a
sharp jump in the transmission or reflection spectrum similar to
Fig 9(a).
The thermal-induced optical shift ∆λ we observed on the LN
OMC is qualitatively similar to silicon, but the wavelength shifts
faster than linear and could be as large as few nanometers at
high laser powers. As shown in fig. 9(a), the reflections were
measured for linearly increasing laser scan powers, vertically
displaced for viewing purposes. We extract the maximum wave-
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placed for viewing purposes. The vertical dashed line represents the cavity wavelength at low power. (b) Maximum optical cavity
wavelength shift versus laser power, extracted from (a). (c) Minimum reflection T0 at the resonance versus laser power, extracted
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length shifts ∆λmax (fig. 9(b)) as well as minimum reflections at
the resonance dip T0 versus laser powers (fig. 9(c)). A sharp tran-
sition occurs near a threshold laser power Pin, thres = 0.065 mW.
The wavelength shifts slow down and the transition dips get
shallower.
With the coherent spectroscopy method, we confirmed that
with powers Pin > Pin, thres and nc as high as 1.5× 105, the cavity
linewidth stays roughly constant regardless of the increasing
T0 (see sec. C). Little additional loss is introduced by the high
optical powers used in our measurements. We conclude that the
increase in T0 is due to an “early escape” of the mode, where
∆λ saturates and the cavity escapes back to far blue before the
laser reaches the reflection dip. Based on measurements of the
reflection dip T0 = |(i∆ + κ/2 − κe)/(i∆ + κ/2)|2, we could
obtain the detuning ∆ right before the mode escapes and calcu-
late the corresponding intracavity photon number nc. This nc is
the maximal intracavity photon number obtained for each laser
power. The results are shown in fig. 9(d). For laser powers be-
low Pin, thres, the maximal nc grows linearly with respect to input
powers. When nc reaches nc,thres ∼ 1.4× 105 at Pin = Pin,thres,
the intracavity photon numbers are observed to saturate at val-
ues near nc,thres, largely deviating from the linear relation (red
line) regardless of increasing laser powers. Similar threshold be-
haviors in terms of nc were observed on different OMC devices
and showed no obvious correlation with the optical quality fac-
tors. The physical mechanism leading to the threshold and the
dependence of nc,thres on system parameters are not understood
and will be the subject of further exploration.
For nc smaller than the threshold, we plot the wavelength
shifts versus the intracavity photon numbers before nc,thres in
fig. 9(e). A quadratic relationship between wavelength shift
and intracavity photon number is obtained with ∆λ = α2n2c
where we call α2 the quadratic thermal-induced cavity shift
coefficient. α2 ∼ 6× 10−11 nm/(photon)2 is obtained from the
fit. The cavity shift could also be expressed in terms of frequency
shift ∆ωc = α2n2c where α2 ∼ −7 Hz/(photon)2. We observed
that the measured ∆λ is well characterized by the quadratic
fit for 104 . nc . 105 and deviates from the fit at low and
high power, showing that the actual thermal-induced cavity
shift has a complicated dependency on nc, including a small
linear nc term and also terms with higher order. The quadratic
contribution already dominates the wavelength shift when the
shift is noticeable with ∆λ & κ, making the linear term difficult
to measure.
B. Measurement of the thermal relaxation rate
In this section we consider the response of the cavity to a laser
pump with slow and weak amplitude modulation. We first de-
fine related parameters and variables in Table 1. When referring
to the steady-state values at a constant power, quantities are
denoted with a bar.
We start by assuming a linear thermal-optical shift of the
optical cavity frequency with respect to temperature change
∆ωc = C0∆T. (11)
Then dynamics of the temperature change is modeled by
d∆T
dt
= −Γ∆T + f (nc), (12)
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Table 1. Definition of parameters related to thermal relaxation rate measurements.
Parameter Description Useful relation
Pin input laser power
∆T temperature change
∆ωc thermal-induced cavity shift ∆ωc = α1nc + α2n2c
∆ real-time cavity-laser detuning ∆ = ωc −ωl + ∆ωc
N˙in input photon flux Pin/(h¯ωl)
nc intracavity photon number nc = κeN˙in/(∆2 + (κ/2)2)
δPin small laser power variation
δnc small nc variation due to δPin
δωc extra cavity shift variation due to δnc
δ∆ small detuning variation δ∆ = δωc for fixed laser wavelength
Γ temperature relaxation rate
Γ2 measurement induced extra relaxation rate
Γtot total measured relaxation rate Γtot = Γ+ Γ2
where nc = κeN˙in/(∆2 + (κ/2)2) is the instant intracavity pho-
ton number and N˙in = Pin/(h¯ωc) is the input photon flux of
the pump. An exponential temperature relaxation with rate Γ is
assumed. We also assume that the heating effect only directly
depends on intracavity photon number nc via a general function
f . The dynamical equation could be formulated in terms of the
cavity shift ∆ωc as
d∆ωc
dt
= −Γ∆ωc + C0 f (nc). (13)
This equation describes the complicated dynamics of ∆ωc which
also enters f (nc) implicitly via nc. C0 can be absorbed into the
function f so that f has the dimension of (rad/s)2. We will omit
C0 from now on. Note that eq. 13 gives the steady-state cavity
shift ∆ωc = f (n¯c)/Γ from which we could solve ∆ωc and n¯c if
f and Γ are known.
Based on eq. 13, we consider small time-dependent variations
of laser power δPin near the steady state solution. The laser
wavelength is kept fixed. Note that nc is a function of ∆ and Pin
so that
dδ∆
dt
= −Γ(∆ωc + δ∆) + f (n¯c) + f ′(n¯c) · δnc (14)
= −Γδ∆+ f ′(n¯c) ·
(
n¯cδPin
Pin
− 2n¯c∆¯δ∆
∆¯2 + (κ/2)2
)
(15)
= −(Γ+ Γ2)δ∆+ f ′(n¯c)n¯c · δPinPin
, (16)
where
Γ2 =
2∆¯
∆¯2 + (κ/2)2
· f ′(n¯c)n¯c = g(∆¯) · h(n¯c). (17)
The extra relaxation rate Γ2 reflects the fact that the laser
amplitude-modulation measurement method enters the com-
plicated dynamics of the system itself, leading to an effective
relaxation rate in addition to the actual relaxation rate Γ. We
define functions g and h to represent the dependency of Γ2 on
∆¯ and n¯c. We point out that ∆¯ and n¯c can be independently
controlled by preparing the steady state with different laser
frequencies ωl and powers Pin.
When the input laser power has a small variation δPin =
α cos(ωt), by assuming δ∆ = β cos(ωt+ φ) and plugging into
eq. 16, we get the amplitude response of δ∆ to δPin to be∣∣∣∣ βα
∣∣∣∣ ∝ 1√ω2 + (Γ+ Γ2)2 . (18)
As a result, the total “relaxation rate” Γtot = Γ + Γ2 can be
measured from the low-frequency amplitude response of δ∆.
With the measurement of Γtot and independent control over ∆¯
and n¯c, we are allowed to probe the structure of Γ2 and thus the
unknown function f .
Proceeding to the determination of f , we assume a poly-
nomial form f (n) = a1n + a2n2 +O(n3), where higher order
terms are assumed to be small based on the steady-state cavity
shift measurements. With this assumption, h(n) = n f ′(n) =
a1n+ 2a2n2, and
Γtot = (1, g(∆¯)n¯c, 2g(∆¯)n¯2c) · (Γ, a1, a2)
T = M · b. (19)
By carrying out multiple measurements of Γtot with different
M, the thermal relaxation rate Γ and coefficients a1 and a2 can
be determined by solving a linear regression problem. Once
Γ, a1 and a2 are obtained, the steady-state cavity shift is ∆ωc =
α1n¯c + α2n¯2c = a1n¯c/Γ+ a2n¯2c /Γ.
We now show that the response of δ∆ can be directly mea-
sured by the same coherent spectroscopy setup at low modula-
tion frequencies. When there is no slow thermal-induced cavity
wavelength shift, the optical response is given by
r(ω  ∆) ≈ 1− κe
i(∆−ω) + κ/2 . (20)
When the slow cavity wavelength shift is considered, ∆ is re-
placed by ∆¯ + δ∆(ω), where δ∆(ω) is the frequency-domain
response of the slow thermal-induced wavelength shift. For
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small and low-frequency intensity modulation, we assume
ω  δ∆ ∆, and the response can be simplified as
r(ω  ∆) ≈ 1− κe
i(∆+ δ∆(ω)) + κ/2
(21)
≈ 1− κe
i∆+ κ/2
+
κe
i∆+ κ/2
·
iδ∆(ω)
i∆+ κ/2
. (22)
The resulting intensity response is
|r(ω  ∆)|2 = A+ B · δ∆(ω) +O
(
(
δ∆
∆
)2
)
, (23)
where A and B are two real-valued functions of ∆, κ and κe. The
exact forms of A and B are involving but not important since
they are approximately independent of frequency for ω  ∆.
As a result, for low frequency intensity modulation, the only
frequency-dependent intensity response is from the variation of
thermal-induced cavity shift δ∆ = δωc.
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Fig. 10. Measurement of thermal relaxation rate. (a) Example
of low frequency intensity modulation response of the OMC
system. Blue: data. Red: Lorentzian fit. (b) Measured total
relaxation rate versus measurement induced extra relaxation
rate (orange). The black dashed line shows the actual thermal
relaxation rate of the OMC. The blue line is a guide for the eye
and has a slope of 1.
We measured the intensity response |r(ω  ∆)|2 for fre-
quency range 100 kHz ∼ 5 MHz. The amplitude of the re-
sponse is fitted to a Lorentzian centered at frequency f = 0. The
linewidth of this Lorentzian corresponds to the total relaxation
rate Γtot. A typical low frequency response is shown in fig. 10(a)
with the Lorentzian fit (red). In this way we extracted Γtot under
different laser powers and wavelengths. The steady-state cavity-
laser detuning ∆¯ is measured at the same time by an optical
sideband sweep across the cavity. With measured Γtot, ∆¯ and n¯c,
the linear regression problem eq. 19 is solved. We obtain the true
thermal relaxation rate Γ = 150 kHz, linear thermal-induced
cavity shift coefficient α1 = a1/Γ ≈ −7.1× 104 Hz/photon and
quadratic thermal-induced cavity shift coefficient α2 = a2/Γ ≈
−1.5 Hz/(photon)2.
The thermal relaxation rate Γ quantitatively agrees with the
thermal-optical response time scale of ∼ 10 µs reported in
Ref. [62] and is slightly faster due to smaller device volume.
We note that for nc & 5× 104, the thermal-optical shift starts to
be dominated by the quadratic contribution, which agrees with
the steady-state wavelength shift measurement in the last sec-
tion. We note that the α2 obtained here is smaller than the value
from steady-state wavelength shift measurement by a factor ∼ 4.
We further calculated Γ2 with a1 and a2 from the linear regres-
sion and nc from the measurements. We show in fig. 10(b) the
measured Γtot versus calculated Γ2 (orange dots). The horizon-
tal black dashed line corresponds to the constant Γ. A blue line
starting at (0, Γ) with slope equals to one is plotted for guide of
the eye. It’s clear that good agreement is obtained between the
linear regression results and the equation Γtot = Γ+ Γ2, under a
large variation of both laser powers and cavity-laser detunings.
To show the reliability of the linear regression results, we manu-
ally increase the obtained value of a1 (a2) by 50% and plot the
modified Γ2 in fig. 10(b) as small blue (red) dots for comparison.
Deviation from Γtot = Γ+ Γ2 can be clearly observed.
C. MEASUREMENT OF OPTICAL LINEWIDTH WITH DIF-
FERENT INTRACAVITY PHOTON NUMBERS
In sec. BA we observed the minimal transmission T0 increased
for high laser powers. We further deduced the minimal cavity-
laser detunings before the optical mode jumped back to the blue
side of the laser based on the minimal transmission measure-
ments. However, a change in the cavity intrinsic linewidth
κi could also change the transmission dip, where T0|∆=0 =
|(κ/2− κe)/(κ/2)|2 = |(κi − κe)/(κi + κe)|2. To track any con-
siderable change in the cavity intrinsic linewidth, we fit the
probe response from the coherent spectroscopy with different
pump laser powers and different cavity-laser detunings. This
two-tone spectroscopy effectively gives us the linear response of
the cavity at different pump powers and helps us determine ∆,
κe, and κi, as a function of laser power and detuning.
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Fig. 11. Measurement of optical linewidth κ with different
intracavity photon numbers nc. (a) A typical phase response
of the probe with a high pump power Pin ∼ 0.2 mW and a
near-cavity detuning ∆ ∼ κ. The red line shows the fit result.
(b) Extracted total optical linewidth κ versus different intra-
cavity photon numbers nc under different pump powers and
detunings. Different colors correspond to different pump laser
powers.
Fig. 11(a) shows one typical phase response of the probe with
a high pump laser power Pin = 0.21 mW and a small cavity-
laser detuning ∆ ∼ −κ. By fitting the phase response (red), we
extract the total optical linewidth κ. Measurements of κ versus
intracavity photon numbers nc with various pump powers and
detunings are plotted in fig. 11(b). Different colors correspond
to different pump laser powers ranging from 96 µW to 0.21 mW.
We obtained κ ≈ 0.7 GHz with relative standard deviation ∼ 9%
for all measurements with different pump powers. A linear
increase in total linewidth for increasing nc can be observed and
shows different slopes for different pump powers. We note that
in general the optical linewidth varies by less than 15% for nc
varying more than two orders of magnitude.
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D. COUPLING AND CONVERSION BETWEEN MI-
CROWAVE, MECHANICS AND OPTICS
A. Input-output formalism of a optomechanical crystal cou-
pling to a microwave resonator or a microwave channel
Consider a system with an OMC coupling to a microwave res-
onator c with coupling strength gµ. We start by writing down the
frequency-domain Heisenberg-Langevin equations of motion in
a rotating frame at the laser frequency for ∆ ∼ ωm:
−iωa(ω) = −(i∆+ κ
2
)a− iGb−√κeain (24)
−iωb(ω) = −(iωm + γ2 )b− iGa− igµc−
√
γebin (25)
−iωc(ω) = −(iωµ +
κµ
2
)c− igµb−√κµ,ecin (26)
We assume that every mode is coupled to a single external chan-
nel respectively. The counter-rotating terms have been omitted
for simplicity. We introduce short-hands
Aa = i(∆−ω) + κ/2 (27)
Ab = i(ωm −ω) + γ/2 (28)
Ac = i(ωµ −ω) + κµ/2 (29)
ηab = −iG/Aa (30)
ηba = −iG/Ab (31)
ηbc = −ig/Ab (32)
ηcb = −ig/Ac (33)
ηijk = ηijηjk (34)
where i, j, k run through a, b, c. With them the solution can be
expressed as
a
b
c
 = 11− ηaba − ηbcb

1− ηbcb ηab ηabc
ηba 1 ηbc
ηcba ηcb 1− ηaba


−√κeain
Aa
−√γebin
Ab
−√κµ,ecin
Ac

(35)
From eq. 35, we can directly read the electro-optic conversion
S parameters when only input cin or ain presents:
Sac ≡ aoutcin =
√
κea
cin
(36)
=
√
κe
ηabc
1− ηaba − ηbcb
−√κµ,e
Ac
(37)
=
√
κe
1
Aa
Ggµ
Ab + G2/Aa + g2µ/Ac
1
Ac
√
κµ,e (38)
= Sca ≡ coutain (39)
At perfectly matched frequencies ω = ∆ = ωm = ωµ, we have
the conversion efficiency
η ≡ |Sac|2 = |Sca|2 (40)
= κe
4
κ2
4G2g2µ/γ2
(1 + 4G2/κγ+ 4g2µ/κµγ)2
4
κ2µ
κµ,e (41)
= ηext,aηext,c
4CabCbc
(1 + Cab + Cbc)2
(42)
where ηext,a = κe/κ and ηext,c = κµ,e/κµ are defined as the
external efficiencies. Cab (Cbc) is the cooperativity between
the mechanical mode and the optical (microwave) mode. The
maximal conversion efficiency η = ηext,aηext,c is achieved for
Cab = Cbc  1.
We proceed to consider the simplified case where the me-
chanical mode is directly coupled to a microwave channel. The
external decay rate γe now represents the coupling between the
microwave channel and the mechanical mode. The equations of
motion read
−iωa(ω) = −(i∆+ κ
2
)a− iGb−√κeain (43)
−iωb(ω) = −(iωm + γ2 )b− iGa−
√
γecin (44)
and the simplified version of eq. 35 isa
b
 = 1
1− ηaba
 1 ηab
ηba 1
−√κeainAa−√γecin
Ab
 . (45)
Similarly, the electro-optic S parameter is
Sac =
√
κe
ηab
1− ηaba
−√γe
Ab
(46)
=
√
κe
1
Aa
iG
Ab + G2/Aa
√
γe (47)
The resulting conversion efficiency at perfectly-matched fre-
quency ω = ∆ = ωm is
η = κe
4
κ2
4G2/γ2
(1 + 4G2/κγ)2
γe (48)
= ηext, aηext, b
4Cab
(1 + Cab)2
(49)
where ηext, b = γe/γ. The maximum of conversion efficiency
occurs at the matching condition Cab = 1, where similarly η =
ηext, aηext, b.
B. Measurement of coupling between the mechanical res-
onator and a microwave channel
Our OMC can be coupled to a microwave channel via the piezo-
electric interaction. We evaporated electrode on both ends of
the nanobeam and connected them to a transmission line with
impedance Z0 = 50 Ω. The electric field generated by the elec-
trode is parallel to the nanobeam. The same configuration can
also be adopted for coupling the mechanical resonator to mi-
crowave circuits.
From the last section, with ∆ = ωm, the coherent mechanical
field amplitude is
β =
−√γecin
i(ωm −ωµ) + γtot/2 , (50)
where cin is the input microwave amplitude with a unit of
1/
√
Hz, γtot = γi + γe + γOM is the total mechanical linewidth
and ωµ ≈ ωm is the microwave signal frequency. The resulting
coherent phonon number in the mechanical mode is
ncoh = |β|2 =
γeN˙µ
(ωµ −ωm)2 + (γtot/2)2 , (51)
where N˙µ = |cin|2 = ηlossPµ/(h¯ωµ) is the input microwave
photon flux, Pµ is the output power of the VNA and ηloss ≈ 58%
accounts for external RF cable loss. We tune ωµ = ωm and
measure the transduced optical sideband power spectral density
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Fig. 12. Microwave to mechanics conversion. (a) Measured
power spectral density of thermal mechanical motion and co-
herent mechanical motion from the piezoelectric drive. Blue:
data, red: Lorentzian fit of the thermal motion peak. (b) Ex-
tracted phonon numbers from the power spectral density for
different VNA drive power.
of both the coherent phonons and thermal phonons using the
RSA. The microwave-to-mechanics coupling rate is given by
γe =
ncohγ2tot
4N˙µ
. (52)
Fig. 12(a) shows a measured optical sideband power spectral
density (PSD). The thermal mechanical motion give rise to the
broad Lorentzian peak and the coherent RF drive corresponds
to the sharp peak. We integrate the sideband RF power under
both the thermal peak Ptherm and the coherent peak Pcoh inde-
pendently. The thermal occupacy of the mechanical mode is
calculated by ntherm = kBT/h¯ωm ≈ 3400 with T = 295 K. The
optical and electrical gain of the whole readout chain is then
determined by G = 〈Ptherm〉 /ntherm for a certain optical pump
power. We drive the OMC with different RF powers and extract
the thermal and coherent phonon numbers from the PSD in
fig. 12(b). The coherent phonon numbers rise linearly with the
increasing RF powers while the thermal phonon occupancies
stay near-constant. We obtained γe/2pi = 8.8± 0.56 mHz.
C. Estimating coupling between the LN OMC and a microwave
resonator or a superconducting qubit
In this section we estimate the coupling of the mechanical mode
to a microwave resonator or a superconducting qubit based on
our measurement of γe in the last section.
The mechanical resonator is commonly modeled as a parallel
LC resonator [25]. To take into account the non-zero energy
decay rate γ, a resistor is added in parallel such that γ = 1/(RC).
The mechanical resonator can be coupled to an external 50 Ω
transmission line through coupling capacitance Cg, as shown in
fig. 13(a). The external coupling introduces a frequency shift and
an additional decay rate from an effective conductance 1/Ze =
ω2mC2gZ0 [63]. From this equivalence, we obtain a relationship
between the coupling capacitance Cg and the coupling induced
decay rate γe = ω2mC2gZ0/C.
We show in fig. 13(e) a mechanical resonator coupling to a
microwave resonator or a superconducting qubit. The coupling
rate is given by [64]
g ' √ωmω2 ·
Cg
2
√
(C+ Cg)(C2 + Cg)
(53)
≈ √ωmω2 ·
Cg
2
√
CC2
, (54)
where we’ve made the assumption that Cg  C1,C2. To simplify
the result, we assume that the two modes are perfectly matched
with ω2 = ωm, and the microwave resonator has a characteristic
impedance Zc =
√
L2/C2. As a result,
g2 =
ω2mC2g
C
·
1
4C2
=
γe
Z0
·
ωmZc
4
, (55)
where we made the substitution 1/C2 = ω2Zc.
In conclusion, the coupling rate between a mechanical res-
onator and a microwave channel γe and the coupling rate be-
tween a mechanical resonator and a microwave resonator g are
related by g =
√
γeωm
√
Zc/Z0/2.
E. EXTRACTING PUMP DETUNINGS FROM ON-CHIP
ELECTRO-OPTIC MODULATION
We start with the electro-optic interaction Hamiltonian. The
perturbation on the optical mode frequency from a voltage V
across the electodes are modeled by
HEO = h¯
dω
dV
Vaˆ† aˆ (56)
= −ih¯√κe,µ aˆ† aˆ(cin − c†in). (57)
Where we rewrite the voltage in terms of input microwave ampli-
tude cin and choose a specific phase of cin for later convenience.
After linearization and rotating wave approximation:
HEO = −ih¯√κe,µ(α0 aˆ†cin − α∗0 aˆc†in). (58)
where α0 = −√κeαin/(i∆+ κ/2) is the optical intracavity pump
amplitude and αin is the pump input photon amplitude. Equa-
tion of motion for the optical sideband amplitude is
− iωa(ω) = −(i∆+ κ
2
)a−√κe,µα0cin (59)
from which we could solve the sideband amplitude and calculate
the output optical field as
αout =
[
1− κe
i∆+ κ2
(
1−
√
κe,µ
i(∆−ωµ) + κ2
cine−iωµt
)]
αin
=
(
r(∆) + sEO(ωµ,∆)cine−iωµt
)
αin, (60)
where
r(∆) = 1− κe
i∆+ κ/2
, (61)
sEO(ω,∆) =
κe
i∆+ κ/2
√
κe,µ
i(∆−ω) + κ2
. (62)
The electronic signal from the high-speed photo-detector is
VHS = G|αout|2 = G|αin|2
(
|r(∆)|2+
r∗(∆)sEO(ωµ,∆)cine−iωµt + h.c. +O(c2in)
)
(63)
where G denotes the total detection gain. As a result, the VNA
directly measures S21(ω,∆) ∝ G|αin|2r∗(∆)sEO(ω,∆)Sext(ω)
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Fig. 13. Coupling between mechanics and microwave. (a) A mechanical resonator (green) coupled to a microwave channel (yel-
low). (b) Circuit model of (a). (c) Equivalent circuit of (b). (d) A mechanical resonator (green) coupled to a microwave resonator
(yellow). (e) Circuit model of (d).
where we further include the external response of the cables
and wirebonds in Sext(ω).
For the coherent spectroscopy, the external response and
the detection gain can be removed by dividing the response
with a background taken with far-detuned pump laser [9, 65].
The electro-optic (EO) sideband is generated by the EOM and
doesn’t depend on the cavity-laser detuning. However, for the
on-chip EO modulation, the intracavity photon numbers are
much smaller for far-detuned pump laser, resulting in a much
weaker EO sideband and a very low SNR. To eliminate the detec-
tion gain G and the external response, we take the ratio between
two S21 measurements with different near-cavity detunings ∆1
and ∆2 where |∆1 − ∆2| & κ. The gain and external response is
identical and cancels, leaving only the ratio of the on-chip EO
response. We denote the ratio of the S21 as
S∆2/∆1 (ω) =
r∗(∆2)sEO(ω,∆2)
r∗(∆1)sEO(ω,∆1)
. (64)
By fitting the measured S21 ratio with different detunings and
identical pump laser power, we extract both detunings ∆1 and
∆2.
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Fig. 14. On-chip electro-optic response and fit. (a) Amplitude
and (b) phase of the electro-optic response. Red curves show
the fitting results. The detunings extracted from the fit are
shown as black vertical dashed lines for comparison.
In fig. 14 we show a typical measured S∆2/∆1 (blue) and the
fitting results using eq. 64 (red). The external responses are
perfectly removed, allowing us to extract the detunings of the
pump laser. We point out that with the piezoelectric drive off,
the pump detunings could also be extracted using the external
EOM sideband sweep as used in the coherent spectroscopy.
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F. ROTATED PHOTOELASTIC TENSOR COMPONENTS
The original photoelastic tensor components are given by [66]
p =

p11 p12 p13 p14 0 0
p12 p11 p13 −p14 0 0
p31 p31 p33 0 0 0
p41 −p41 0 p44 0 0
0 0 0 0 p44 p41
0 0 0 0 p14 (p11 − p12)/2

. (65)
Using the rotation matrix and MATHEMATICA [67], we obtain the rotated photoelastic components in the contracted index notation
for X-cut LN as
p′LNX =

p′11 p′12 p′13 0 0 p′16
p′21 p′22 p′23 0 0 p′26
p′31 p′32 p′33 0 0 p′36
0 0 0 p′44 p′45 0
0 0 0 p′54 p′55 0
p′61 p′62 p′63 0 0 p′66

, (66)
with
p′11 = p11 sin4(φ) + p44 sin2(2φ) + p33 cos4(φ) + p13 sin2(φ) cos2(φ) + p31 sin2(φ) cos2(φ)
−2p14 sin3(φ) cos(φ)− 2p41 sin3(φ) cos(φ), (67)
p′12 = p13 sin4(φ)− p44 sin2(2φ) + p31 cos4(φ)− 2p41 sin(φ) cos3(φ) + p11 sin2(φ) cos2(φ)
+p33 sin2(φ) cos2(φ) + 2p14 sin3(φ) cos(φ) (68)
p′13 = p12 sin2(φ) + p41 sin(2φ) + p31 cos2(φ) (69)
p′16 = sin(φ)
(
−p31 cos3(φ) + p33 cos3(φ)− 2p44 cos(2φ) cos(φ) + 2p41 sin(φ) cos2(φ)− p11 sin2(φ) cos(φ)
+p13 sin2(φ) cos(φ) + p14 sin(φ) cos(2φ)
)
(70)
p′21 = p31 sin4(φ)− p44 sin2(2φ) + p13 cos4(φ)− 2p14 sin(φ) cos3(φ) + p11 sin2(φ) cos2(φ)
+p33 sin2(φ) cos2(φ) + 2p41 sin3(φ) cos(φ) (71)
p′22 = p33 sin4(φ) + p44 sin2(2φ) + p11 cos4(φ) + 2p14 sin(φ) cos3(φ) + 2p41 sin(φ) cos3(φ)
+p13 sin2(φ) cos2(φ) + p31 sin2(φ) cos2(φ) (72)
p′23 = p12 cos2(φ) + sin(φ) (p31 sin(φ)− 2p41 cos(φ)) (73)
p′26 = cos(φ)
(
−p31 sin3(φ) + p33 sin3(φ) + p14 cos(φ) cos(2φ)− p11 sin(φ) cos2(φ) + p13 sin(φ) cos2(φ)
−2p41 sin2(φ) cos(φ) + 2p44 sin(φ) cos(2φ)
)
(74)
p′31 = p12 sin2(φ) + p14 sin(2φ) + p13 cos2(φ) (75)
p′32 = p12 cos2(φ) + sin(φ) (p13 sin(φ)− 2p14 cos(φ)) (76)
p′33 = p11 (77)
p′36 =
1
2
(p12(− sin(2φ)) + p13 sin(2φ)− 2p14 cos(2φ)) (78)
p′44 =
1
2
(p11 − p12) cos2(φ)− p14 sin(φ) cos(φ) + sin(φ) (p44 sin(φ)− p41 cos(φ)) (79)
p′45 = sin(φ) (p41 sin(φ) + p44 cos(φ))− cos(φ)
(
1
2
(p11 − p12) sin(φ) + p14 cos(φ)
)
(80)
p′54 = sin(φ)
(
p14 sin(φ)− 12 (p11 − p12) cos(φ)
)
+ cos(φ) (p44 sin(φ)− p41 cos(φ)) (81)
p′55 = sin(φ)
(
1
2
(p11 − p12) sin(φ) + p14 cos(φ)
)
+ cos(φ) (p41 sin(φ) + p44 cos(φ)) (82)
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p′61 = sin(φ)
(
−p41 sin3(φ) + p44 sin(φ) sin(2φ)− p13 cos3(φ) + p33 cos3(φ)− 2p44 cos3(φ) + 2p14 sin(φ) cos2(φ)
+p41 sin(φ) cos2(φ)− p11 sin2(φ) cos(φ) + p31 sin2(φ) cos(φ)
)
(83)
p′62 = cos(φ)
(
p33 sin3(φ) + p31 sin(φ) cos2(φ) + cos2(φ) (2p44 sin(φ) + p41 cos(φ))
− sin(φ)
(
p11 cos2(φ) + sin(φ) (p13 sin(φ) + 2p44 sin(φ) + 2p14 cos(φ) + p41 cos(φ))
))
(84)
p′63 =
1
2
(p12(− sin(2φ)) + p31 sin(2φ)− 2p41 cos(2φ)) (85)
p′66 =
1
8
(
2p11 sin2(2φ)− 2p14 sin(4φ)− 2p41 sin(4φ) + p13(cos(4φ)− 1) + p31 cos(4φ)
−p33 cos(4φ) + 4p44 cos(4φ)− p31 + p33 + 4p44) (86)
For Y-cut LN, the rotated photoelastic tensor components are given by
p′LNY =

p′11 p′12 p′13 p′14 p′15 p′16
p′21 p′22 p′23 p′24 p′25 p′26
p′31 p′32 p′33 p′34 p′35 p′36
p′41 p′42 p′43 p′44 p′45 p′46
p′51 p′52 p′53 p′54 p′55 p′56
p′61 p′62 p′63 p′64 p′65 p′66

, (87)
where
p′11 = p11 sin4(φ) + p44 sin2(2φ) + p33 cos4(φ) + p13 sin2(φ) cos2(φ) + p31 sin2(φ) cos2(φ) (88)
p′12 = p13 sin4(φ)− p44 sin2(2φ) + p31 cos4(φ) + p11 sin2(φ) cos2(φ) + p33 sin2(φ) cos2(φ) (89)
p′13 = p12 sin2(φ) + p31 cos2(φ) (90)
p′14 = p14 sin3(φ)− 2p41 sin(φ) cos2(φ) (91)
p′15 = (p14 + 2p41) sin2(φ) cos(φ) (92)
p′16 = sin(φ) cos(φ)
(
−p11 sin2(φ) + p13 sin2(φ)− p31 cos2(φ) + p33 cos2(φ)− 2p44 cos(2φ)
)
(93)
p′21 = p31 sin4(φ)− p44 sin2(2φ) + p13 cos4(φ) + p11 sin2(φ) cos2(φ) + p33 sin2(φ) cos2(φ) (94)
p′22 = p11 cos4(φ) + sin2(φ)
(
p33 sin2(φ) + p13 cos2(φ) + p31 cos2(φ) + 4p44 cos2(φ)
)
(95)
p′23 = p31 sin2(φ) + p12 cos2(φ) (96)
p′24 = (p14 + 2p41) sin(φ) cos2(φ) (97)
p′25 = p14 cos3(φ)− 2p41 sin2(φ) cos(φ) (98)
p′26 = sin(φ) cos(φ)
(
−p31 sin2(φ) + p33 sin2(φ)− p11 cos2(φ) + p13 cos2(φ) + 2p44 cos(2φ)
)
(99)
p′31 = p12 sin2(φ) + p13 cos2(φ) (100)
p′32 = p13 sin2(φ) + p12 cos2(φ) (101)
p′33 = p11 (102)
p′34 = p14(− sin(φ)) (103)
p′35 = p14(− cos(φ)) (104)
p′36 = (p13 − p12) sin(φ) cos(φ) (105)
p′41 = p41 sin3(φ)− 2p14 sin(φ) cos2(φ) (106)
p′42 = (2p14 + p41) sin(φ) cos2(φ) (107)
p′43 = p41(− sin(φ)) (108)
p′44 = p44 sin2(φ) +
1
2
(p11 − p12) cos2(φ) (109)
p′45 =
1
2
(−p11 + p12 + 2p44) sin(φ) cos(φ) (110)
p′46 = cos(φ)
(
p14 cos(2φ)− p41 sin2(φ)
)
(111)
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p′51 = (2p14 + p41) sin2(φ) cos(φ) (112)
p′52 = p41 cos3(φ)− 2p14 sin2(φ) cos(φ) (113)
p′53 = p41(− cos(φ)) (114)
p′54 =
1
2
(−p11 + p12 + 2p44) sin(φ) cos(φ) (115)
p′55 =
1
2
(p11 − p12) sin2(φ) + p44 cos2(φ) (116)
p′56 = − sin(φ)
(
p41 cos2(φ) + p14 cos(2φ)
)
(117)
p′61 = sin(φ) cos(φ)
(
−p11 sin2(φ) + p31 sin2(φ) + 2p44 sin2(φ)− p13 cos2(φ) + (p33 − 2p44) cos2(φ)
)
(118)
p′62 = cos(φ)
(
p33 sin3(φ) + p31 sin(φ) cos2(φ) + p44 sin(2φ) cos(φ)
)
− sin(φ)
(
p11 cos3(φ) + (p13 + 2p44) sin2(φ) cos(φ)
)
(119)
p′63 = (p31 − p12) sin(φ) cos(φ) (120)
p′64 = cos(φ)
(
p41 cos(2φ)− p14 sin2(φ)
)
(121)
p′65 = − sin(φ)
(
p14 cos2(φ) + p41 cos(2φ)
)
(122)
p′66 = cos2(φ)
(
(p33 − p31) sin2(φ) + p44 cos(2φ)
)
− sin2(φ)
(
(p13 − p11) cos2(φ) + p44 cos(2φ)
)
(123)
